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HARMACOKINETICS AND
RUG DISPOSITION

ifferent effects of three transporting
nhibitors, verapamil, cimetidine, and
robenecid, on fexofenadine
harmacokinetics

Objective: Fexofenadine is a substrate of P-glycoprotein and organic anion transporting polypeptides. The
aim of this study was to compare the inhibitory effects of different transporting inhibitors on fexofenadine
pharmacokinetics.
Methods: Twelve male volunteers took a single oral 120-mg dose of fexofenadine. Thereafter three 6-day
courses of either 240 mg verapamil, an inhibitor of P-glycoprotein, 800 mg cimetidine, an inhibitor of
organic cation transporters, or 2000 mg probenecid, an inhibitor of organic anion transporting polypeptides,
were administered on a daily basis in a randomized fashion with the same dose of fexofenadine on day 6.
Plasma and urine concentrations of fexofenadine were monitored up to 48 hours after dosing.
Results: Verapamil treatment significantly increased the peak plasma concentration by 2.9-fold (95% confi-
dence interval [CI], 2.4- to 4.0-fold) and the area under the plasma concentration–time curve from time 0 to
infinity [AUC(0-�)] of fexofenadine by 2.5-fold (95% CI, 2.0- to 3.3-fold). No changes in any plasma
pharmacokinetic parameters of fexofenadine were found during cimetidine treatment. AUC(0-�) was
slightly but significantly increased during probenecid treatment by 1.5-fold (95% CI, 1.1- to 2.4-fold). Renal
clearance of fexofenadine was significantly decreased during cimetidine treatment to 61% (95% CI, 50%-98%)
and during probenecid treatment to 27% (95% CI, 20%-58%) but not during verapamil treatment.
Conclusion: This study suggests that verapamil increases fexofenadine exposure probably because of an
increase in bioavailability through P-glycoprotein inhibition and that probenecid slightly increases the area
under the plasma concentration–time curve of fexofenadine as a result of a pronounced reduction in renal
clearance. However, it may be difficult to explain these interactions by simple inhibitory mechanisms on
target transporters. (Clin Pharmacol Ther 2005;77:17-23.)
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Recently, it has become increasingly evident that
rug transporters have a pivotal role in pharmacokinet-
cs of numerous drugs with therapeutic implications.1-6

umerous studies have revealed that targeted expres-
ion of drug uptake and efflux transport to specific cell
embrane domains allows for the efficient directional
ovement of many drugs in clinical use.1-6 Transport

y adenosine triphosphate–dependent efflux pumps,
uch as P-glycoprotein and multidrug resistance–

elated proteins, influences the intestinal absorption7,8
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nd renal9,10 or hepatic elimination11 and central ner-
ous system concentrations8 of many drugs. Members
f the organic anion transporting polypeptides
OATPs) and organic cation transporter (OCT) families
f drug uptake transporters have been found to be
apable of transporting a large array of structurally
ivergent drugs.12-14 OATPs are expressed in the liver,
idney, brain, and intestine and OCTs are expressed in
he liver and kidney, suggesting that they may play a
ritical role in drug interaction, as well as in drug
bsorption, elimination, and tissue penetration.15

Fexofenadine, an active metabolite of terfenadine, is
selective histamine H1 receptor antagonist and is

linically effective in the treatment of seasonal allergic
hinitis and chronic idiopathic urticaria for first-line
herapeutic agents like loratadine and cetirizine.16 In
linical trials fexofenadine did not prolong the QT
nterval or decrease heart rate, unlike terfenadine,
stemizole, and ebastine.17 Fexofenadine is regarded as

substrate of P-glycoprotein and OATP-A and
ATP-B on the basis of several in vitro studies.18-20

rug-drug and drug-food interaction reports have
hown that rifampin (INN, rifampicin), St John’s wort,
ruit juice, and verapamil influence alternation of fexo-
enadine disposition.21-24 Because fexofenadine is not
etabolized, these interactions are explained by mod-

lation of P-glycoprotein and OATPs. However, there
re no published data suggesting an in vivo contribution
f these transporters to the disposition of fexofenadine.
Verapamil, a short-term inhibitor of mainly

-glycoprotein, has been used to increase the therapeu-
ic effectiveness of cytotoxic anticancer drugs in cancer
hemotherapy.25 More recently, P-glycoprotein rever-
al agents including verapamil have been demonstrated
o alter the pharmacokinetic properties of coadminis-
ered agents in therapeutic areas other than oncology.26

eanwhile, to identify the renal secretion pathway for
particular drug, in vivo pharmacokinetic drug inter-

ction studies are usually conducted with inhibitors
uch as cimetidine and probenecid.27,28 Because cime-
idine is known to compete for active tubular secretion
rimarily with basic drugs,29 this drug is regarded as an
fficient inhibitor of OCT1 and OCT2. In addition,
imetidine has recently been identified as a potent in-
ibitor of the OATP-C–mediated transport of organic
nions.30 In contrast, probenecid has been known not
nly as a direct inhibitor of glucuronide conjugation31

ut also as a potent inhibitor of OATPs, because pro-
enecid competitively inhibited the secretion of many
eak organic acids.32,33

The aim of this study was to compare the inhibitory

ffects of different transporting inhibitors, verapamil, k
imetidine, and probenecid, on fexofenadine disposi-
ion. Renal clearance was also examined to clarify the
ffect of these transporters on excretion of fexofenadine
n the kidney. The results suggest that there is an in
ivo contribution of these transporters to the disposition
f fexofenadine.

ETHODS
Subjects. Twelve healthy Japanese male volunteers

ere enrolled in this study. The mean (�SD) age was
5.2 � 5.6 years (range, 20-40 years), and the mean
ody weight was 60.9 � 6.2 kg (range, 54-80 kg). The
thics Committee of Hirosaki University School of
edicine, Hirosaki, Japan, approved the study proto-

ol, and written informed consent had been obtained
rom each participant before any examinations.

Study design. The volunteers took a single oral
20-mg dose of fexofenadine (Allegra; Aventis Pharma
o, Tokyo, Japan) at 9 AM with 240 mL of tap water as a
ontrol phase. Thereafter, a randomized crossover study
esign in 3 treatment phases was conducted at intervals of
weeks. Verapamil (two 40-mg tablets) 3 times daily

240 mg/d) (Vasolan; Eisai Pharmaceutical Co, Ltd, To-
yo, Japan), cimetidine (two 200-mg tablets) twice daily
800 mg/d) (Tagamet; Sumitomo Pharmaceutical Co, Ltd,
saka, Japan), or probenecid (four 250-mg tablets) twice
aily (2000 mg/d) (Benecid; Kaken Pharmaceutical Co,
td, Tokyo, Japan) with 240 mL of tap water was given

or 6 days. Four volunteers within each group were allo-
ated to 1 of 3 different drug sequences as follows:
erapamil-cimetidine-probenecid, probenecid-verapamil-
imetidine, or cimetidine-probenecid-verapamil. On day
, they took a single oral 120-mg dose of fexofenadine
ith 240 mL of tap water (9 AM) 1 hour after the last
0-mg dose of verapamil, 400-mg dose of cimetidine, or
000-mg dose of probenecid after overnight fasting (9 AM)
ith 240 mL of tap water. Treatment medication was not

aken after oral administration of fexofenadine. Compli-
nce was confirmed by pill count. No other medications
ere taken during the study periods. No meal was allowed
ntil 4 hours after dosing (1 PM). No volunteers ingested
ny fruit juice until at least 8 hours after dosing. The use
f alcohol, tea, coffee, and cola was forbidden during the
est days.

Sample collections. Blood samplings (10 mL each)
or determination of fexofenadine were taken into hep-
rinized tubes just before and at 0.5, 1, 1.5, 2, 3, 4, 6,
, 12, 24, and 48 hours after the administration of
exofenadine. Urine samples were collected from 0 to 4
ours, 4 to 12 hours, 12 to 24 hours, and 24 to 48 hours
fter dosing. Plasma was separated immediately and

ept at �30°C until analysis. A part of the urine sample
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30 mL) was stored at �30°C until analysis. The re-
aining urine samples were discarded after the urine

olume was recorded.
Assay. Plasma and urine concentrations of fexofena-

ine were quantitated by use of an HPLC method
eveloped in our laboratory.34 In brief, 10 �L of 10-
g/mL diphenhydramine (internal standard) diluted
ith 1 mL of acetate buffer (0.2 mol/L, pH 4.0) was

dded to samples (1 mL plasma or 0.1 mL urine).
ample purification was performed by solid-phase ex-

raction on C18 minicolumns (BondElut C18, 3 mL,
00 mg packing; Varian, Palo Alto, Calif). The car-
ridges were preconditioned with 2 mL of methanol, 2
L of water, and 1.5 mL of acetate buffer (0.2 mol/L,

H 4.0). After sample load, the cartridges were washed
ith water (2 mL), methanol-water (50:50 [vol/vol]) (2
L), and methanol (1 mL). After the cartridges were

ried, fexofenadine and internal standard were eluted
ith 50-mmol/L triethylamine in methanol (1 mL). The

luates were dried with airflow, and the residue dis-
olved in 10 to 300 �L of eluent A was injected into an
PLC system (Shimadzu Class-VP; Shimadzu Co,
yoto, Japan). The mobile phases were as follows:
.05-mol/L monobasic potassium phosphate buffer/
cetonitrile/methanol (60:35:10 [vol/vol/vol]) (A) and
.05-mol/L monobasic potassium phosphate buffer/
cetonitrile (40:60 [vol/vol]) (B). Chromatographic
eparation was achieved on an octadecylsilane-80A
olumn (internal diameter, 150 � 4.6 mm; particle size,
�m) by use of a linear gradient from A to B in 10
inutes. The peak was detected with a fluorescence

etector set at an excitation wavelength of 220 nm and
n emission wavelength of 290 nm, and the total time
or a chromatographic separation was approximately 17
inutes. The validated quantitation ranges of this
ethod were 1.0 to 500 ng/mL, with coefficients of

ariation of 0.6% to 9.1%. Mean recoveries were
2.8% to 76.7%, with coefficients of variation of 2.7%
o 5.8%. Free fraction was separated from plasma by
se of an ultrafiltration technique (Ultracent; Tosou Co,
okyo, Japan).
Data analyses of pharmacokinetics. The peak con-

entration (Cmax) and concentration peak time (tmax)
ere obtained directly from the original data. The ter-
inal elimination rate constant (ke) was determined by

og-linear regression of the final data points (n � 4).
he apparent elimination half-life of the log-linear
hase (t½) was calculated as follows: t½ � 0.693/ke.
he area under the plasma concentration–time curve

AUC) from 0 to 48 hours [AUC(0-48)] was calculated
ith use of the linear-linear trapezoidal rule. The AUC
rom time 0 to infinity [AUC(0-�)] and elimination 1
alf-life were determined by a noncompartmental
odel with WinNonlin software (Pharsight Corpora-

ion, Cary, NC). Residual area was about 0.5% to 6%,
nd the Console Calculator was used. The amount of
rug excreted (Ae) was calculated by volume of urine
olume and urine concentration of fexofenadine. Renal
learance was obtained from Ae(0-48)/Free AUC(0-48).

Statistical analyses. Repeated-measures ANOVA
as used for comparisons of pharmacokinetic parame-

ers between the control phase and the 3 treatment
hases. The comparison of tmax was performed by use
f the Friedman test. The amount of drug excreted in
ach sample was compared between the control phase
nd the 3 treatment phases by use of 2-way ANOVA. A

value of .05 or less was regarded as significant.
eometric mean ratios to corresponding values in the

ontrol phase with 95% confidence intervals (CIs) were
sed for detection of significant differences as post hoc
nalyses. When the 95% CI did not cross 1.0, the result
as regarded as significant. SPSS 12.0 for Windows

SPSS Japan Inc, Tokyo, Japan) was used for these
tatistical analyses.

ESULTS
Although mild side effects were experienced (slight

hest pain in 2 cases during verapamil treatment, ten-
ency of diarrhea in 1 case during cimetidine treatment,
ild stomach disturbance in 3 cases during probenecid

reatment), no clinically significant adverse events were
eported throughout the study.

Plasma kinetics. There were significant differences
mong the 4 treatment groups in pharmacokinetic pa-
ameters such as Cmax (F � 13.785; df � 3,9; P �
001), AUC(0-48) (F � 10.857; df � 3,9; P � .002),
nd AUC(0-�) (F � 10.677; df � 3,9; P � .003) (Fig

ig 1. Mean plasma concentration–time curves of fexofena-
ine after single oral 120-mg dose. Error bars indicate SD.
). However, no differences were found in tmax (F �
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.202; df � 3,9; P � .364) or elimination half-life (F �

.667; df � 3,9; P � .056). Post hoc analyses showed
hat verapamil treatment significantly increased the

max of fexofenadine by 2.9-fold (95% CI, 2.4- to
.0-fold), the AUC(0-48) of fexofenadine by 2.5-fold
95% CI, 2.0- to 3.4-fold), and the AUC(0-�) of fexo-
enadine by 2.5-fold (95% CI, 2.0- to 3.3-fold). In
ontrast, elimination t½ during verapamil treatment was
4% shorter than during the control phase. No changes
n plasma pharmacokinetic parameters were found dur-
ng cimetidine treatment. Probenecid treatment signif-
cantly increased the AUC(0-48) of fexofenadine by
.5-fold (95% CI, 1.1- to 2.5-fold) and the AUC(0-�)
f fexofenadine by 1.5-fold (95% CI, 1.1- to 2.4-fold).
ll other pharmacokinetic parameters of fexofenadine
id not differ during probenecid treatment.
Urinary excretion. There was a significant differ-

nce in the amount of drug excretion among the 4
hases (Fig 2). Post hoc analysis showed that verapamil
ignificantly increased the cumulative urinary excretion
t 4 hours (P � .001), 12 hours (P � .001), 24 hours (P

.001), and 48 hours (P � .001) and the total amount
f drug excreted between 0 and 48 hours after admin-
stration, whereas the amounts of drug excreted
etween 0 and 48 hours after administration were sig-
ificantly decreased during cimetidine treatment by
.68-fold (95% CI, 0.52- to 0.98-fold) and during pro-
enecid treatment by 0.43-fold (95% CI, 0.27- to 0.97-
old). Renal clearance of fexofenadine was significantly
ecreased during cimetidine treatment to 61% (95% CI,
0%-98%) and during probenecid treatment to 27%
95% CI, 20%-58%) but not during verapamil treat-

ig 2. Mean cumulative urinary excretion rate (%) of fexo-
enadine after single oral 120-mg dose. Bars indicate SEs.
ent (Table I). m
ISCUSSION
The results of this study showed a significant in-

rease in plasma concentration of fexofenadine (Cmax

nd AUC) during verapamil treatment, without pro-
onging the elimination half-life of fexofenadine, which
s in accordance with previous in vivo and in vitro
eports.19,24 These findings suggest that verapamil in-
reased the bioavailability of fexofenadine but did not
nhibit the elimination of fexofenadine, and this might
e partially explained by an inhibitory effect of vera-
amil on P-glycoprotein. Moreover, although the
mount of fexofenadine excretion was significantly in-
reased during verapamil treatment, renal clearance
as unchanged by verapamil. When the plasma and
rine findings are taken together, verapamil increased
nly the bioavailability of fexofenadine but not the
xcretion of fexofenadine, suggesting that this interac-
ion occurs in the small intestine or in the liver but not
n the kidney. A recent jejunal single-pass perfusion
tudy suggested that verapamil treatment did not alter
he permeability of fexofenadine.24 Therefore the inter-
ction between verapamil and fexofenadine might be
ttributed to the decreased first-pass liver extraction of
exofenadine. Likewise, ketoconazole did not have an
mpact on the intestinal permeability of fexofenadine.35

Verapamil is a nonspecific inhibitor of several mem-
rane transport proteins including P-glycoprotein and
ATP-A,18 whereas several in vitro studies have

hown that P-glycoprotein and OATPs have an impor-
ant role in penetration of the membrane by fexofena-
ine.18 Therefore it is most likely that verapamil alters
exofenadine pharmacokinetics through inhibition of
-glycoprotein and OATPs. In comparison with control
alues, in this study the relative percent of fexofenadine
UC during verapamil coadministration was greater

han during probenecid coadministration. Because ve-
apamil has an inhibitory effect on both P-glycoprotein
nd OATPs, the magnitude of the verapamil-mediated
ncrease in plasma kinetics of fexofenadine might be
reater than that of the probenecid-mediated increase.
The renal clearance of fexofenadine was decreased to

7% during probenecid treatment in this study. This
nding suggests that fexofenadine excretion in the kid-
ey was inhibited by probenecid probably through
ATP inhibition. This is the first report suggesting a

pecific in vivo contribution of OATPs to fexofenadine
xcretion. In contrast, only a small, although statisti-
ally significant, difference in the plasma kinetics of
exofenadine was found during probenecid treatment.

e have 2 plausible explanations for this discrepancy.
irst, even a pronounced decrease in renal clearance

ight not have a major impact on fexofenadine dispo-
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ition because there was only a relatively small amount
about 10%-15%) of fexofenadine excretion in the
rine during the control period. Second, it is possible
hat OATP inhibition by probenecid in the small intes-
ine or liver leads to the decreased bioavailability of
exofenadine. A recent study showed that several fruit
uices decreased the plasma concentration of fexofena-
ine whereas they did not alter renal clearance.23 Thus
he authors of this study concluded that fruit juices
ecreased oral availability through OATP inhibition in
he small intestine.

Probenecid is also an inhibitor of multidrug resis-
ance protein (MRP)–mediated cell efflux.36 MRP2 is
n adenosine triphosphate–binding cassette transporter
ccepting a diverse range of substrates, including glu-
athione, glucuronide, and sulfate conjugates of many
ndobiotics and xenobiotics.36 MRP2 generally per-
orms excretory or protective roles, and it is expressed
n the apical domain of hepatocytes, enterocytes of the
roximal small intestine, and proximal renal tubular
ells, as well as in the brain and placenta.36 Thus the
ignificant interaction between fexofenadine and pro-
enecid in this study might be ascribable to MRP
nhibition in the liver, small intestine, or kidney, al-
hough there is no information indicating the involve-
ent of MRP-mediated cell efflux in fexofenadine dis-

osition. The possibility that several cellular processes
ther than membrane proteins are involved in this in-
eraction cannot be excluded entirely on the basis of the

able I. Effects of verapamil, cimetidine, and probene
exofenadine after single oral 120-mg dose of fexofena

Parameter Control

Cmax (ng/mL) 611 � 206 1
Ratio to control 1.00 2.9
tmax (h) 1.5
Median (range) 0.5-4.0
AUC(0-48) (ng · h/mL) 3569 � 1222 9
Ratio to control 1.00 2.5
AUC(0-�) (ng · h/mL) 3637 � 1199 9
Ratio to control 1.00 2.4
Elimination half-life (h) 11.0 � 5.1
Ratio to control 1.00 0.7
Amount excreted (mg) 14.1 � 4.9 3
Ratio to control 1.00 2.4
CLrenal (mL/min) 230 � 78
Ratio to control 1.00 0.9

Data are shown as mean � SD for pharmacokinetic parameters (except for
Cmax, Peak concentration; tmax, time to peak concentration in plasma; AUC(

nder plasma concentration–time curve from time 0 to infinity; CLrenal, renal
urrent data. i
It is possible that fexofenadine is a substrate of both
CTs and OATPs because the chemical structure of

exofenadine contains not only a carboxyl group with a
egative logarithm of the acid ionization constant (pKa)
qual to 4.25 but also a piperidino group with pKa equal
o 9.53 (Aventis Pharma Co, Tokyo, Japan, personal
ommunication, November 2000), although an in vitro
tudy has suggested that the rat organic cation trans-
orter rOCT1 did not mediate fexofenadine cellar up-
ake.18 In this study, however, a relatively small but
tatistically significant change in urine kinetics was
ound during coadministration of cimetidine, which is a
otent inhibitor of OCT.27,28,37 In contrast, there was
o change in any plasma kinetics of fexofenadine dur-
ng cimetidine treatment. Therefore it is less likely that
exofenadine disposition is predominantly dependent
n changes in OCT activity, suggesting that OCT does
ot have a major in vivo contribution to fexofenadine
isposition.
Verapamil, cimetidine, and probenecid were given

efore rather than after fexofenadine administration in
his study. Because the mean cumulative urinary excre-
ion rate of fexofenadine reached 50% at 4 hours and
9% at 12 hours in comparison with the rate at 48 hours
fter administration during the control period, urinary
xcretion was almost complete by 12 hours after fexo-
enadine administration. Even if these drugs had been
ontinued until the last sampling time point (48 hours),

atments on pharmacokinetic parameters of
12 healthy volunteers

il Cimetidine Probenecid

92 609 � 318 767 � 490
3.95) 0.93 (0.69-1.49) 1.14 (0.85-1.74)

2.0 2.0
1.0-4.0 1.0-4.0

586 4028 � 1903 6097 � 3973
3.20) 1.09 (0.79-1.77) 1.54 (1.13-2.46)
573 4124 � 2019 6150 � 3972
3.32) 1.08 (0.77-1.78) 1.53 (1.13-2.40)
.4 9.7 � 3.1 8.5 � 1.6
0.90) 0.92 (0.80-1.25) 0.84 (0.70-1.13)
8.9 10.0 � 5.1 9.2 � 11.2
3.20) 0.68 (0.52-0.98) 0.43 (0.27-0.97)
3 152 � 70 74 � 52
1.29) 0.61 (0.50-0.98) 0.27 (0.20-0.58)

geometric mean and 95% confidence interval for ratio to control.
under plasma concentration–time curve from 0 to 48 hours; AUC(0-�), area
cid tre
dine in

Verapam

807 � 6
2 (2.37-

1.5
1.0-4.0

092 � 3
2 (2.02-
136 � 3
8 (2.00-
7.9 � 2
6 (0.66-
5.5 � 1
0 (1.99-
224 � 9
5 (0.77-

tmax) and
0-48), area
t is unlikely that there would have been significantly
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reater differences in plasma and urine kinetics during
imetidine or probenecid treatment.

There was a marked interindividual variation in the
harmacokinetics of fexofenadine in this study (coeffi-
ient of variation, 37%-50%; maximum difference, 5.9-
old). This could be explained by large interindividual
ariation in transporter activity such as P-glycoprotein and
ATPs. The MDR1 genotypes T3435C and G2677T/A
ave a different expression of P-glycoprotein in the small
ntestine,38-40 although a previous study failed to find any
ignificant difference in fexofenadine disposition between
DR1 genotypes.41 Recently, it has been suggested that

olymorphisms in OATP-C, such as T521C (Val174Ala),
re associated with altered pharmacokinetics of pravasta-
in.42 Meanwhile, there is still no evidence of functional
olymorphisms in OATP-A, of which fexofenadine is a
ubstrate. Further studies are, therefore, required to
xplain interindividual variations seen in the pharmacoki-
etics of fexofenadine, including the contribution of trans-
orters other than OATPs and P-glycoprotein.

A limitation of our study is the 4-way sequence used
n the protocol. The control phase was always the first
n sequence. Although sufficient washout periods (2
eeks) were used in this study, bias as a result of a

equence effects cannot be excluded.
In conclusion, this study suggests that verapamil

ncreases fexofenadine exposure probably because of
n increase in bioavailability through P-glycoprotein
nhibition and that probenecid also increases the AUC
f fexofenadine, to some extent, as a result of a pro-
ounced reduction in renal clearance. Changes in the
egulation of transporters such as P-glycoprotein and
ATPs, although not simple, may lead to significant

lternation of fexofenadine pharmacokinetics.

We thank Miss Sayaka Nagasama (Hirosaki University School of
edicine) for her expertise in measuring the plasma and urine fexo-

enadine levels.
The authors and their institutes have no conflicts of interest.
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